n a study combining tissue mechanics and fracture morphology for the first time, we examined the ruptured surfaces of anterior cruciate ligaments of rabbits and related their appearance to the initial loading conditions. Sixteen specimens were stretched to failure at rates of displacement of 10 and 500 mm/min. We used video images to study the changes which occurred during the fracture process and SEM to examine the appearance of the ruptured surfaces.
Rupture of the anterior cruciate ligament (ACL) is a major clinical problem, leading to instability of the knee. 1 This is especially unfortunate since failure of the ACL is most commonly encountered in sports and therefore affects healthy, younger people who wish to pursue an active lifestyle. 2, 3 Due to the frequency and potential severity of such injuries, there is a need for information on the biomechanical properties of the ligament under loading conditions which occur at the time of injury. Our aim was to look at the fracture surfaces of ruptured ligaments by SEM. By doing this, we should be able to understand more about what actually happens during and after the rupture process. This study represents a combination of the two fields of tissue mechanics and fracture morphology for understanding of the failure of biological tissues.
There have been many studies on the structural and mechanical properties of the ACL, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] but none has addressed the problem of fracture. Only the study of Sikoryn 17 presented preliminary SEM findings of fractures induced in longitudinal ligaments from the spine, in which she demonstrated that it was possible to examine the appearance of collagen fibres at the fracture surface. Examination of fracture morphology has provided valuable information about the fracture of synthetic fibres in hostile environments. Hearle et al 18 compared the appearance of fracture surfaces arising in these environments with those observed under carefully controlled laboratory conditions. We have used the same methods in biological composites in which both the gross morphology and SEM appearance of fracture surfaces were examined.
Materials and Methods
We used eight New Zealand white rabbits with a mean weight of 4.4 ± 0.1kg and a mean age of 13 ± 4 months which were obtained within an hour of slaughter. The advantage of using rabbits was that specimens could be obtained from freshly killed young adult members of a genetically homogeneous population. 19 Although the position and kinematics of the rabbit stifle are markedly different from those of the human knee, the physiological response of its ligaments makes it suitable as a model for those of the human knee. 20 The hindlimbs were dissected out, leaving the femur and tibia long enough to allow them to be fixed in plastic pots. All the surrounding tissue was removed from the knee, leaving only the ACL and the posterior cruciate ligament (PCL) intact. No distinction was made between the right and left limbs or between male and female animals. The specimens were wrapped in salinesoaked tissues and frozen at -40°C. The knees were frozen for 7 ± 4 months. Freezing does not affect the mechanical properties of the ligaments. 21 Before testing, the specimens were defrosted overnight at +4°C in a refrigerator and then holes, 3 mm in diameter, were drilled through both the tibia and femur. Metal pins were inserted through the drill holes to stop the bones from slipping once they had been potted in acrylic cement (WHW Plastics, Hull, UK). The cement was made by mixing a rapid repair liquid (methylmethacrylate monomer) with a cold cure powder (methacrylate polymer) approximately in the ratio of one to two by volume. First, the tibia was set in the acrylic cement in a plastic container. The cement was left to cure for approximately 45 minutes after which the femur was potted in the same way. The exposed bones and ligaments were wrapped in saline-soaked tissues at all times to prevent them from drying out during the tests. Care was taken to prevent any acrylic cement from touching the ligaments. Mechanical testing. Once the acrylic cement surrounding the femur and tibia had fully set, the PCL was cut away. The potted knees were placed on a custom-built test rig, mounted on an Instron 8511 computer-controlled hydraulic testing machine (Instron Ltd, High Wycombe, UK) as shown in Figure 1 . The test rig consisted of two main parts (Fig. 1, A and C) . Part A consisted of two aluminium sliding blocks and a base plate. One of the blocks could slide along two parallel stainless-steel rods (Fig. 1, D) inside the base plate. The other block could slide in a direction perpendicular to the steel rods. This design enabled us to move the test rig in two perpendicular directions in the horizontal plane, allowing the correct positioning of the ligament along the tibial axis, with the tibia and femur at the required angle of knee flexion. Aluminium cups held the potted specimen ( Fig. 1, B) such that both the tibia and the ACL were aligned along the direction of applied load. Although the rabbit knee does not naturally fully extend, this orientation was aimed at mimicking the relationship between the human tibia and femur in the neutral position.
For all the tests, the ACL was aligned such that it was visibly parallel to both the tibia and femur with an orientation similar to that used by Woo et al. 14 With this arrangement, the direction of applied load was along the axis of the tibia. The potted specimens were secured in the aluminium cups by grub screws. Once the test rig had been locked in place, the testing machine was balanced to make sure that it registered zero load before the test began. Eight specimens were tested to complete failure at displacement rates of 10 mm/min and 500 mm/min under Instron Series IX software (Instron Ltd, High Wycombe, UK). The appearance of the specimen during the test was recorded using a digital video camera (Panasonic, AG-EZIE; Matshushita Electric Industrial Co Ltd, Osaka, Japan). Still pictures were obtained from video recordings of experiments using frame-grabbing software (Motion Colour Picture V1.6, Applied Technology Manufacturing Ltd, Tyne and Wear, UK). Scanning electron microscopy. After completion of the test, the longer sections of the ruptured ligaments were carefully cut away from the bone and prepared for examination by SEM. The cut sections from the ruptured ligaments were fixed in 2.5% (v:v) glutaraldehyde in a phosphate buffer at pH 7.2 for 20 hours at room temperature. Thereafter, they were washed in several changes of 0.1M phosphate buffer at pH 7.2. The ligaments were then dehydrated through a series of ethanol solutions and the specimens critical point dried from CO 2 (Baltec CPD 030; Bulzers Union, Milton Keynes, UK), glued on to aluminium stubs with silver glue and sputter-coated with a layer of platinum of thickness 20 nm. We studied the microstructural properties of the ligaments such as details of the fracture surface and the appearance of the collagen fibres using a JEOL JSM-35CF scanning electron microscope (JEOL Ltd; Tokyo, Japan), operating at 10 kV.
Results
Mechanical testing. Figure 2 shows typical load-displacement curves for the rabbit ACL. The maximum loads to failure were 344.74 ± 0.08 N and 402.26 ± 0.06 N at displacement rates of 10 and 500 mm/min, respectively. Statistical analysis using the t-test for means 22 showed a significant effect of loading rate on ultimate load (p < 0.05). The displacements at maximum load were 2.11 ± 0.81 mm and 2.10 ± 0.46 mm at 10 and 500 mm/min, respectively. There was no statistically significant effect of the rate of loading on displacements at maximum load (p > 0.1). Analysis of the load-displacement curves showed that a third-order polynomial was required to express the relationship between load and deformation for all tests. Fitting a polynomial to the curves made it easier to average the results and make comparisons between the curves at 10 and 500 mm/min. A third-order polynomial was fitted to the Fig. 1 Photograph of the test rig mounted on the Instron materials testing machine with the specimen in position (A, sliding block; B, specimen; C allows the rig to be set to different angles of flexion; D, stainless-steel rod along which the blocks slide). data before failure of each specimen using EXCEL (Version 7.0, Microsoft Ltd; Redmond, Washington), as shown in Figure 3 . Analysis of variance 22 showed no statistically significant difference in load-displacement relationships for experiments carried out at the same rate of displacement (p < 0.1). This allowed the use of the equations of the fitted polynomials for all experiments to compute mean loaddisplacement curves. The mean curves were obtained by computing load values at displacements of 0.25 to 2.0 mm, in intervals of 0.25 mm and averaging them to obtain mean curves for the two rates of displacement.
The mean curves for all specimens at the rates of dis- Typical load-displacement curves for experiments carried out at 10 mm/min and 500 mm/min, showing the characteristic curves for a viscoelastic material.
Fig. 3
Load-displacement curves showing third-order polynomials fitted to data before failure for experiments done at 10mm/min and 500 mm/min.
Fig. 4
Calculated mean load-displacement curves showing the behaviour of the ligament under tensile loading for all experiments carried out at 10 mm/min and 500 mm/min. There was a significant decrease in stiffness (slope of the load-deformation curve) between the two curves (p < 0.05). The error bars are ± SD.
placement of 10 and 500 mm/min are shown in Figure 4 . The linear stiffness for the specimens was calculated from the slope of the load-displacement curves in the linear region. Statistical analysis using Student's t-test 22 showed that specimens tested at 10 mm/min had a significantly lower linear stiffness compared with those tested at 500 mm/min (178.5 ± 17.6 N/ mm v 252 ± 15.1 N/ mm, p < 0.05).
Macroscopic analysis. Figure 5 shows the major mechanisms of failure for the 16 specimens tested at the two rates of displacement. For the eight specimens tested at 500 mm/ min, three failed by ligamentous failure. This was initially by pull-apart of fibre bundles followed by shear failure between disrupted fibres. Three specimens failed by avulsion fracture of the tibia. Here avulsion fracture is defined as the tearing of the ligament from the tibial attachment with parts of bone. One specimen failed by fracture of the femur at the femoral condyle and another by a combination of ligamentous failure and tibial avulsion fracture. For those tested at 10 mm/min, seven out of eight specimens failed by ligamentous failure. This occurred initially by failure of one of the major fibre bundles followed by long fibre pull-out until there was complete separation of the ligament. Examination of the video recordings of all specimens which failed by ligamentous failure revealed that the amount of fibre pull-out at a fast rate was less than that at a slow rate. The left column of Figure 6 shows video frames of a crack propagating for a test carried out at 10 mm/min. The pictures show that these ligaments failed by a serial mechanism with a small group of fibres failing at a time. The process started with one of the major ACL bundles breaking very close to the site of attachment of the tibia. This was then followed by a substantial amount of fibre pull-out. The crack propagated slowly across the ligaments with a small amount of fibres failing at a time. It also travelled along the long axis of the ligament. The entire process lasted approximately two minutes.
The right column of Figure 6 shows the propagation of a crack during fracture at 500 mm/min. The frames show that the ligaments tested at a fast rate failed suddenly and did not show any consistency in their mechanism of failure. This mechanism of fracture at 500 mm/min was different from that at 10 mm/min. The amount of fibre pull-out was less and, when they failed, all the fibres did so at approximately the same instant. The rate of propagation of the crack was very fast with the entire process lasting just under eight seconds.
Microscopic analysis. Figure 7 shows scanning electron micrographs of ligaments tested at 10 mm/min (left column) and 500 mm/min (right column). Examination showed that there were considerably more pulled-out fibres on the surfaces of ligaments tested at 10 mm/min than on those tested at 500 mm/min (Figs 7a and 7b) . The surfaces of ligaments tested at 500 mm/min also showed that most of the collagen fibres failed at the same time. This is in agreement with the appearance of the video images. The appearance of intact fibres from the two rates of displacement was also different. The fibres from experiments done at 10 mm/min had a more pronounced wave pattern compared with those at 500 mm/min (Fig. 7c) . This pattern could still be seen when the magnification was increased (Figs 7d and 7e ), but at very high magnifications there was not much difference in the appearance of the collagen fibres. This is probably because, at these magnifications, only a very small part of the ligament is being examined.
Discussion
Our aim was to examine the effect of the rate of displacement on the appearance of the ruptured surfaces of ligaments. Such information is important in understanding the mechanisms of failure which lead to the rupture of ligaments. Under the loading conditions of our experiments, the femoral-ACL-tibial complexes failed at a lower ultimate load and absorbed less energy (smaller area under load-displacement curve) at 10 mm/min than at 500 mm/ The major mechanisms of failure for the eight specimens tested at each rate of displacement. Frames taken from video recordings made during tensile loading at 10 mm/min (left column) and 500 mm/min (right column) showing the type of ligamentous failure. The frames on the left column were taken at intervals of 40s from 40 to 120s after the start of the test. The frames on the right column were taken at intervals of 0.1s from 0.4 to 0.8s after the start of the test. There are differences in the amount of elongation and the wide separation between the tibia and femur for the test done at 10 mm/min (left column). min. Our findings agree with other reports and demonstrate the viscoelastic behaviour of the ACL. [4] [5] [6] 21, 23, 24 Other investigators have established that the mechanical properties of ligaments depend on the rate of displacement. 5, 17, 21, 25 We have also concluded that the latter has an effect on the mechanism of failure and the appearance of the fractured surfaces. At 10 mm/min, the major mode of failure was fibre pull-out in the mid-part of the ligament. At 500 mm/min, which more closely approximated the conditions of physiological loading, the ligament and the bone component were balanced as to strength properties, with the same numbers of specimens failing by fibre pull-out and avulsion fracture. Our results are in agreement with those of Noyes et al, 25 who showed that at fast rates of loading the ligament and the tibia have comparative strengths. They also showed that at 5 mm/min, the predominant method of failure was avulsion, whereas we found that at 10 mm/min, most specimens failed by ligament pull-out. When we carried out similar tests on four specimens at 0.5 mm/min, however, we found that they all failed by avulsion fracture. The appearance of the ruptured ligaments is similar to the findings of Neurath and Stofft 26 who studied the appearance of ruptured human cruciate ligaments. They observed that the collagen fibres from the ruptured ligaments retained their wave pattern. Current ACL reconstructions succeed in stabilising the knee, but they neither fully restore normal knee kinematics nor reproduce normal function of the ligament. 26 We have shown that it is possible to relate the appearance of the ruptured surfaces to the loading conditions. This information is useful when determining the mechanisms which lead to the rupture of ligaments and when selecting replacement materials for these ligaments. It will also help in the design of improved composite materials some of which could be used as synthetic ligaments.
